The pathway of anaerobic degradation of o-phthalate was studied in the nitrate-reducing bacterium Azoarcus sp. strain PA01. Differential two-dimensional protein gel profiling allowed the identification of specifically induced proteins in o-phthalate-grown compared to benzoate-grown cells. The genes encoding o-phthalate-induced proteins were found in a 9.9 kb gene cluster in the genome of Azoarcus sp. strain PA01. The o-phthalate-induced gene cluster codes for proteins homologous to a dicarboxylic acid transporter, putative CoA-transferases and a UbiD-like decarboxylase that were assigned to be specifically involved in the initial steps of anaerobic o-phthalate degradation. We propose that o-phthalate is first activated to o-phthalylCoA by a putative succinyl-CoA-dependent succinylCoA:o-phthalate CoA-transferase, and o-phthalyl-CoA is subsequently decarboxylated to benzoyl-CoA by a putative o-phthalyl-CoA decarboxylase. Results from in vitro enzyme assays with cell-free extracts of o-phthalate-grown cells demonstrated the formation of o-phthalyl-CoA from o-phthalate and succinyl-CoA as CoA donor, and its subsequent decarboxylation to benzoyl-CoA. The putative succinyl-CoA:o-phthalate CoA-transferase showed high substrate specificity for o-phthalate and did not accept isophthalate, terephthalate or 3-fluoro-o-phthalate whereas the putative o-phthalyl-CoA decarboxylase converted fluoro-ophthalyl-CoA to fluoro-benzoyl-CoA. No decarboxylase activity was observed with isophthalyl-CoA or terephthalyl-CoA. Both enzyme activities were oxygeninsensitive and inducible only after growth with o-phthalate. Further degradation of benzoyl-CoA proceeds analogous to the well-established anaerobic benzoyl-CoA degradation pathway of nitrate-reducing bacteria.
Introduction
Phthalic acids (PAs) are benzoic acids with one additional carboxylic group in either ortho, meta or para position. PA esters are produced massively worldwide and are used in the manufacture of a wide range of plastic products (Vamsee-Krishna et al., 2006; Chen et al., 2007; Liang et al., 2008) . Di-esters of ortho-phthalic acid (o-phthalate) serve mainly as plasticizers, for example, in the production of polyvinyl chloride (Giam et al., 1984) .
PA isomers are introduced into the environment from plastics because phthalate esters are noncovalently bound to the plastic polymers in order to maintain the required flexibility of plastic products (Nilsson, 1994) . Additionally, phthalates are released into the environment through liquid and solid waste streams generated during the production of phthalates from the corresponding xylenes (Bemis et al., 1982) . Therefore, high concentrations of PA isomers can be found in soil around chemical factories (Naumov et al., 1996) . PA esters have been detected nearly in every environment, including air (Wensing et al., 2005) , soils, sediments, waters (Fatoki and Vernon, 1990 ) and landfill leachates (Schwarzbauer et al., 2002; Zheng et al., 2007) . PAs are the hydrolysis products of phthalate esters and have also been identified as metabolic intermediates in bacterial degradation of polycyclic aromatic hydrocarbons such as phenanthrene (Kiyohara and Nagao, 1978) , fluorene (Grifoll et al., 1994) and fluoranthene (Sepic et al., 1998) . The metabolic derivatives of phthalates are potentially harmful to humans and wildlife due to their hepatotoxic, teratogenic and endocrine disrupting (carcinogenic) characteristics (Woodward, 1988; Matsumoto et al., 2008) , and are listed as priority industrial pollutants (Mayer et al., 1972; Giam et al., 1984) . Hence, it is important to remove phthalates from the environment effectively and economically.
Besides slow chemical hydrolysis and photolysis of phthalate esters in the environment, microbial degradation of PAs and their corresponding esters by microorganisms is considered a principal route for removal of phthalates (Liang et al., 2008) . Many studies exist on aerobic degradation of phthalates (Chang and Zylstra, 1998; Wang et al., 2003; Vamsee-Krishna et al.,, 2006; Li and Gu, 2007) and their corresponding esters (Li et al., 2005a,b; Li et al., 2006; Wang and Gu, 2006a,b) . The pathway of aerobic phthalate degradation has been well characterized in aerobic bacteria, for example, Arthrobacter keyseri 12B and Burkholderia cepacia DBO1, and involves either a 3,4-dihydroxyphthalate decarboxylase (Eaton and Ribbons, 1982) or a 4,5-dihydroxyphthalate decarboxylase for decarboxylation of hydroxylated o-phthalate to dihydroxybenzoate (Pujar and Ribbons, 1985; Chang and Zylstra, 1998) . Since aerobic phthalate degradation uses oxygen as a cosubstrate in oxygenase reactions, anaerobic degradation has to proceed differently. Aftring et al., showed that phthalate isomers can be degraded under anoxic conditions (Aftring et al., 1981) . Although less understood than aerobic phthalate degradation, anaerobic degradation of phthalate isomers and phthalate esters was reported for numerous pure and mixed cultures under nitrate-or sulfate-reducing or methanogenic conditions (Battersby and Wilson, 1989; Kleerebezem et al., 1999; Qiu et al., 2006; Cheung et al., 2007; Liang et al., 2008) , but no decisive studies on the degradation pathways have been published so far.
In 1983, Taylor and Ribbons proposed a hypothetical pathway for anaerobic conversion of o-phthalate to benzoate, which involved two hypothetical enzymatic steps catalyzed by a reductase and a decarboxylase, that is, a reduction and subsequent oxidative decarboxylation (Taylor and Ribbons, 1983) . However, no experimental evidence for this hypothetical pathway was provided. Nozawa and Maruyama (1988) proposed a pathway for anaerobic PA degradation by a nitrate-reducing Pseudomonas sp. that involves initial activation of o-phthalate with coenzyme A (CoA), followed by decarboxylation to benzoyl-CoA (Nozawa and Maruyama, 1988) , however, no precise experimental evidence supported this assumption either. Nonetheless, the current view of anaerobic o-phthalate degradation involves benzoyl-CoA as a key intermediate, and its further degradation would proceed through the well-described anaerobic benzoyl-CoA degradation pathway (Schink et al., 1992; Fuchs et al., 1994; Harwood et al., 1999) . In the present work, we studied the anaerobic o-phthalate metabolism by the recent genome sequenced bacterium Azoarcus sp. strain PA01 (IMG genome ID: 2596583641, NCBI genome accession: PRJNA279928; Junghare et al., 2015) that degrades ophthalate with nitrate as an electron acceptor. We used a combined proteomic and genomic approach in order to identify the catabolic genes and enzymes involved in the initial steps of o-phthalate degradation.
Results

Anaerobic growth with o-phthalate and physiological characteristics
To compare the growth and substrate utilization by Azoarcus sp. strain PA01 (KCTC 15483), cells were grown with 2 mM o-phthalate or benzoate as sole source of electrons, supplemented with nitrate (10-12 mM) as the final electron acceptor. Irrespective of the substrate, no pronounced difference in growth was observed. Cells showed doubling times of about 10 to 12 h with both substrates (although cells grew slightly faster with benzoate (Supporting Information Fig. S1 ). Nitrite accumulated as an intermediate (0.5-4 mM) in the early log phase. Cells consumed 1.7 mM of o-phthalate and reduced 7 mM of nitrate, whereas benzoate-grown cells consumed 1.8 mM of benzoate and 8.3 mM of nitrate. Thus, the experimentally observed stoichiometry of o-phthalate or benzoate oxidation to nitrate-reduction was approximately 1:4. The biomass produced with benzoate-or o-phthalate was nearly the same, that is, 34.5 and 36.5 g dry cell mass per mol, respectively. No intermediate organic degradation products were detected in the growth medium.
Differential proteome analysis of o-phthalate-grown cells versus benzoate-grown cells
The proteome of o-phthalate-grown cells was compared to that of benzoate-grown cells using two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). Qualitative comparison of the resolved proteomes displayed significant differences in the protein profiles; approximately 15-20 protein spots were visible specifically in o-phthalategrown cells (Fig. 1A ). Of these, 12 protein spots were selected (labelled in Fig. 1A ) and identified by mass spectrometry (MS). These protein spots were shown to represent eight different proteins (Table 1) . On the other hand, in the proteome of benzoate-grown cells, nine protein spots were selected for MS identification (labelled in Fig. 1B) , and the identified spots comprised seven different enzymes/proteins (Table 1) . The protein spots SBA3, 4, 6 and 9 from the benzoate-grown cells were identified as proteins homologous to the enzymes of the anaerobic benzoyl-CoA degradation pathway of other denitrifying bacteria, for example Thauera aromatica (Breese et al., 1998) .
Finally, eight of the identified protein spots (SPA1, 2, 3, 7, 8, 9, 10 and 11) from o-phthalate-grown cells were shown to represent three different proteins and were suspected to be involved in the initial steps of anaerobic ophthalate degradation ( Fig. 1 ; Table 1 ) and were not observed in benzoate-grown cells. These proteins were identified as a TRAP (tripartite) transporter (SPA7), a benzylsuccinate CoA-transferase (SPA2-3) and a 3-polyprenyl-4-hydroxybenzoate decarboxylase (SPA1, 8-11) and suggested to be involved in o-phthalate metabolism. Furthermore, total proteome analysis of cell-free extracts of o-phthalate-grown cells (Fig. 2) and SDSpolyacrylamide gel electrophoresis of membrane proteins (Supporting Information Fig. S2 ) strongly supported and complemented the results of the differential 2D-gel protein profiling ( Fig. 1 ; Table 1 ). The identified proteins constituted the most abundant cytosolic proteins (locus tag PA01_00214; PA01_00215; and PA01_00217) that were observed in the 2D-gel proteome of o-phthalate-grown cells ( Fig. 1 ; Table 1 ).
The total proteome results allowed the identification of one extra protein with locus tag PA01_00216 that was identified as the BbsE subunit of benzylsuccinate CoAtransferase (30% sequence similarity) of T. aromatica and was similar to the previously identified protein spots SPA2-3 ( Fig. 1; Table 1 ) with the locus tag PA01_00215 that was also identified as the BbsF subunit of benzylsuccinate CoA-transferase (30% sequence similarity). The total proteome analysis of benzoate-grown cells revealed the identification of proteins that were homologous to enzymes involved in the anaerobic benzoyl-CoA degradation pathway comprised of: benzoyl-CoA reductase (2-electron) bsubunit (locus tag PA01_03236, SBA3-4), 6-ketocyclohex-1-ene-1-carbonyl-CoA hydrolase (locus tag PA01_03225, SBA6), benzoate-CoA ligase (locus tag PA01_03196), 6-hydroxycyclohex-1-ene-1-carbonyl-CoA dehydrogenase (locus tag PA01_03226) and 6-hydroxycyclohex-1-ene-1-carbonyl-CoA hydratase (locus tag PA01_03227). As expected, most of these proteins of the anaerobic benzoylCoA degradation pathway were also detected in the proteome of o-phthalate-grown cells (Figs 1 and 2 ; Table 1 ).
Characterization of the gene cluster involved in anaerobic o-phthalate degradation
Comparative proteome analysis of o-phthalate-versus benzoate-grown cells of Azoarcus sp. strain PA01 was performed using protein sequences obtained from the genome of the Azoarcus sp. strain PA01. The MSidentified proteins include the protein-coding genes with locus tags PA01_00214, PA01_00215, PA01_00216 and PA01_00217 that were only induced in o-phthalate-grown cells. To compare and to infer the possible catabolic functions of these genes, similarity searches were performed using the online search programs blastp (www.ncbi.nlm. nih.gov) or UniProtKB (http://www.uniprot.org/blast/). The protein blast searches of o-phthalate induced genes revealed the following similarities: the gene with the locus tag PA01_00214 was similar to TRAP transporters (substrate binding protein), and PA01_00215 and PA01_00216 were similar to CoA-transferases (family III) and PA01_00217 was similar to UbiD-like decarboxylases (UbiD family) respectively.
The genes induced exclusively in o-phthalate-grown cells were localized in a single 9.9 kb gene cluster in the genome of Azoarcus sp. strain PA01 (Fig. 3A) . This indicates that the genes involved in anaerobic o-phthalate decarboxylation to benzoyl-CoA are clustered together, coexpressed and up-regulated in one open reading frame (ORF) during growth with o-phthalate. Based on the proteomic data (Figs 1 and 2 ; Table 1), the newly identified ophthalate induced gene cluster is predicted to encode four candidate proteins (locus tags from PA01_00214 to PA01_00217) that were proposed to be involved and catalyze the initial steps of anaerobic o-phthalate degradation as shown in Fig. 3B . The abbreviation 'pht' referring to phthalate was introduced to the IMG (Integrated Microbial Genomes) locus tags from PA01_00215 to PA01_00218, for example, 00215_phtSa.
Phylogenetic analysis of the amino acid sequences of the putative CoA transferases of Azoarcus sp. PA01 revealed that the proteins PhtSa (PA01_00215) and PhtSb (PA01_00216) clustered together in one clade and belong to the CoA-transferase family III (Supporting Information   Fig. S3A ). These two putative CoA-transferases of Azoarcus sp. strain PA01 designated as PhtSa and PhtSb showed 26% similarity with each other and shared only about 30% of sequence similarity with the two subunits (BbsEF, AAF89840 and AAF89841) of the previously characterized succinyl-CoA:(R)-benzylsuccinate CoAtransferase (family III) from Thauera aromatica. However, blastp search analysis revealed that these proteins (PhtSa and PhtSb) shared high (>80%) sequence similarity with uncharacterized CoA-transferases of 'A. aromaticum EbN1' (Q5NWH8 and Q5NWH7) and A. toluclasticus (WP_0189914468 and WP_018991467), respectively (Supporting Information Fig. S3A ).
Phylogenetic analysis of the remaining two genes coding for the putative decarboxylases (UbiD-and UbiX-like protein) namely, PhtDa (PA01_00217) and PhtDb (PA01_00218; the latter gene was not detected in the proteome analysis) revealed that they belong to two different clades with the protein sequences of the UbiD-and UbiXlike decarboxylases, respectively (Supporting Information Fig. S3B ). The gene phtDa_00217 (locus tag PA01_00217) is predicted to code for the putative ophthalyl-CoA decarboxylase (PhtDa; see discussion) clustered with the protein sequences of the UbiD-like decarboxylases. On the other hand, the putative flavin- binding decarboxylase (UbiX-like protein) designated as PhtDb (locus tag PA01_00218) clustered with the protein sequences of the UbiX-like decarboxylases of other bacteria (Supporting Information Fig. S3B ). Blastp searches showed that the amino acid sequence of PhtDa (PA01_00217) and PhtDb (PA01_00218) shared >95% sequence similarity with the uncharacterized UbiD/UbiXlike decarboxylase/carboxy-lyase-like proteins of 'A. aromaticum EbN1' (Q5NWH6 and Q5NWG7) and A. toluclasticus (WP_018991466 and WP_040395783), respectively. The gene with the locus tag PA01_00214 (So0456) in the identified o-phthalate gene cluster is predicted to encode a putative TRAP transporter (periplasmic binding protein) which is likely to be involved in o-phthalate transport (substrate transport). Finally, the identified o-phthalate degradation gene cluster comprised a gene with locus tag PA01_00219 (IcIR) coding for a protein that showed high similarity with the transcriptional regulator of the DNAbinding IcIR family protein that could hence act as a regulatory protein for expression/repression of these genes in the o-phthalate gene cluster (Fig. 3A) . A similar distribution of genes as in the o-phthalate-induced gene cluster in Azoarcus sp. strain PA01 (Fig. 3A) was also found to be present in the genomes of other aromatic compounddegrading nitrate reducers such as 'A. aromaticum EbN1' (Rabus et al., 2005) , A. toluclasticus and Thauera chlorobenzoica (Liolios et al., 2008) . In all cases, the putative genes encoding CoA-transferases (00215_phtSa and 00216_phtSb) and decarboxylases (00217_phtDa and 00218_phtDa) were located adjacent to each other in a single gene cluster (Supporting Information Fig. S4 ).
The genes coding for the enzymes catalyzing the anaerobic degradation of benzoate/benzoyl-CoA to 3-hydroxy-pimeloyl-CoA were identified in the proteome of benzoate-grown cells as well as in the proteome of o-phthalate-grown cells of Azoarcus sp. strain PA01 (Figs. 1 and 2; Table 1 ). These genes coding for the enzymes of the anaerobic benzoate degradation were located in the single gene cluster (17.5 kb) in the genome of Azoarcus sp. strain PA01 (Fig. 4A) . The enzymatic steps of anaerobic benzoate degradation by Azoarcus sp. strain PA01 were deduced based on the results of our proteome and genome data, and are similar to those of the known anaerobic benzoate degradation pathway (Breese et al., 1998; Carmona et al., 2009) (Fig. 4B) .
Enzyme activity measurements with cell-free extracts of Azoarcus sp. strain PA01 Interpretation of our proteomics data suggested an activation of o-phthalate to o-phthalyl-CoA by a putative succinylCoA-dependent CoA-transferase followed by its decarboxylation to benzoyl-CoA by a putative o-phthalyl-CoA Succinyl-CoA dependent formation of o-phthalyl-CoA from o-phthalate was observed in cell-free extracts of o-phthalate-grown cells and o-phthalate was converted to o-phthalyl-CoA ( Fig. 5A and B) . No activity was observed when succinyl-CoA was replaced by free CoA (sodium salt of CoA) or acetyl-CoA as possible CoA donor. Furthermore, no activity was detected with either isophthalate and terephthalate or with 3-fluoro-o-phthalate. Cell-free extracts of benzoate-grown cells of Azoarcus sp. strain PA01 did not exhibit any activity with all three isomers of phthalate or 3-fluoro-o-phthalate. In the coupled enzyme assay performed with the addition of o-phthalate and succinyl-CoA in cell-free extract of o-phthalate-grown cells, formation of benzoyl-CoA was also observed, that is, enzymatically formed o-phthalyl-CoA was subsequently decarboxylated to benzoyl-CoA ( Fig. 5C and D) . Further, the decarboxylase activity was tested individually in cell-free extracts by the addition of synthesized o-phthalyl-CoA (Supporting Information Fig. S6 ), isophthalyl-CoA (Supporting Information Benzoate-grown cell-free extract or heat-inactivated cellfree extract of o-phthalate-grown cells did not form o-phthalyl-CoA or benzoyl-CoA. Exposure of cell-free extract to air did not affect the activities of o-phthalyl-CoA formation or decarboxylation of the o-phthalyl-CoA to benzoyl-CoA (Supporting Information Fig. S12 ). Storage of cell-free extract for 1-2 day at 4 C did not result in a loss of enzyme activity. Synthesized o-phthalyl-CoA standing overnight at room temperature was not decarboxylated and was found to be stable for at least 1-2 days.
Discussion
In the present study, we elucidated the pathway of anaerobic o-phthalate degradation in Azoarcus sp. strain PA01 using differential proteomics and in vitro enzyme assays. Based on the draft genome sequence of Azoarcus sp. strain PA01 (IMG genome ID: 2596583641, NCBI genome accession: PRJNA279928), we identified the genes coding for the enzymes involved in the anaerobic conversion of ophthalate to benzoyl-CoA. The combined proteome and genome analysis of Azoarcus sp. strain PA01 identified an o-phthalate-induced gene cluster coding for the enzymes likely involved in the initial steps of anaerobic degradation of o-phthalate to benzoyl-CoA ( Fig. 3 ; Table 1 ). They comprised enzymes homologous to a dicarboxylic acid transporter (TRAP transporter, PA01_00214), the CoAtransferases (putative succinyl-CoA:o-phthalate CoAtransferase) encoded by two adjacent genes phtSa and phtSb (locus tag PA01_00215 and PA01_00216) and a putative o-phthalyl-CoA decarboxylase (UbiD-like decarboxylase) encoded by phtDa (locus tag PA01_00217), respectively. Although the putative succinyl-CoA:o-phthalate CoAtransferase of Azoarcus sp. strain PA01 was only distantly related (30% similarity) to the succinyl-CoA:(R)-benzylsuccinate CoA-transferase of T. aromatica which belongs to the CoA-transferase family III (Leutwein and Heider, 2001; Leutwein and Heider, 1999) , both enzyme showed similar function, that is, transfer of CoA to a free acids. The succinyl-CoA:(R)-benzylsuccinate CoA-transferase of T. aromatica consists of two subunits BbsEF (28% identical) of similar sizes (44 and 45 kDa) constituting an a 2 b 2 tetramer (Heider, 2001; Leutwein and Heider, 2001) . Similarly, Azoarcus sp. strain PA01 grown with o-phthalate induced the expression of the putative CoA-transferases (PhtSa, PA01_00215 and PhtSb, PA01_00216) of similar sizes (44 kDa and 41 kDa). Thus, the two o-phthalate-induced CoAtransferases, PhtSa and PhtSb (26% similarity) might work together as a single enzyme entity, similar to the BbsEF subunits of the succinyl-CoA:(R)-benzylsuccinate CoAtransferase of T. aromatica (Heider, 2001; Leutwein and Heider, 2001) .
Phylogenetic analysis supported our view that the putative succinyl-CoA:o-phthalate CoA-transferase of Azoarcus sp. strain PA01 belongs to the enzymes of CoAtransferase family III. No significant sequence similarity was observed with the proteins of CoA-transferase families I and II. The currently characterized CoA-transferases of family III are known to transfer CoA to free acids in anaerobic degradation pathways and activate organic acids for subsequent metabolization (Heider, 2001) . Therefore, we suspected that the putative succinyl-CoA:o-phthalate CoAtransferase of Azoarcus sp. strain PA01 activates o-phthalate to o-phthalyl-CoA with succinyl-CoA as a CoA donor, followed by decarboxylation of o-phthalyl-CoA to benzoylCoA (Fig. 3B) .
Our conclusion was experimentally proven by observing the conversion of o-phthalate to o-phthalyl-CoA and its subsequent decarboxylation to benzoyl-CoA in cell-free extracts of o-phthalate-grown cells in the presence of succinyl-CoA (Fig. 5) . This is in contrast to an earlier report on the anaerobic phthalate degradation by Pseudomonas sp. strain P136, in which formation of phthalyl-CoA and its subsequent decarboxylation to benzoyl-CoA was reported in the presence of free CoA plus ATP (adenine triphosphate) by an acyl-CoA synthetase (Nozawa and Maruyama, 1988) . However, our enzyme assay results did not show o-phthalyl-CoA formation when succinyl-CoA was replaced with free CoA or acetyl-CoA as a possible CoA donor. Moreover, earlier enzyme assays with ATP and Table 1 ). Thus, we conclude that in Azoarcus sp. strain PA01 o-phthalate is activated by a CoA-transferase rather than an ATP-dependent CoA-ligase or synthetase.
Isophthalate or terephthalate were not converted to the corresponding phthalyl-CoAs by the putative succinylCoA:o-phthalate CoA-transferase. Moreover, Azoarcus sp. strain PA01 was unable to grow with isophthalate or terephthalate (Junghare et al., 2015) . The observed high substrate specificity of the putative CoA-transferase is in line with the observation that the enzymes of CoAtransferase family III catalyse the transfer of the CoA moiety in a highly substrate-and stereospecific manner (Heider, 2001) . The activity of the CoA-transferase was insensitive to air exposure, similar to the previously studied CoA-transferase BbsEF (Leutwein and Heider, 2001 ). However, Azoarcus sp. strain PA01 was unable to grow aerobically with o-phthalate or benzoate.
The o-phthalyl-CoA formed in the first step of o-phthalate degradation is subsequently decarboxylated to benzoyl-CoA by a putative o-phthalyl-CoA decarboxylase ( Fig. 5C and D) . In the o-phthalate-induced gene cluster (Fig. 3A) , there are two alternative genes predicted to code for putative decarboxylases (phtDa, PA01_00217 and phtDb, PA01_00218). Of these, only the PhtDa was found to be highly induced exclusively in o-phthalate-grown cells of Azoarcus sp. strain PA01 and thus was suspected to catalyze the decarboxylation of o-phthalyl-CoA to benzoyl-CoA as shown in Fig. 3B . In contrast, the gene with locus tag PA01_00218 (phtDb) is predicted to encode an UbiX-like decarboxylase (flavoprotein) of about 22 kDa size that was never detected in our proteome analyses (Figs 1 and 2 and Supporting Information Fig. S2) . Therefore, the role of gene phtDb (PA01_00218; UbiX-like protein) in o-phthalate metabolism is still unclear. However, recently White et al. (2015) reported that the UbiX-like protein in bacterial ubiquinone biosynthesis acts as a flavin mononucleotide (FMN)-binding protein with no decarboxylase activity. The FMN-binding protein (UbiX-like protein) is a metalindependent flavin prenyltransferase involved in the formation of a novel flavin-derived cofactor that is required for the decarboxylase activity of the UbiD-like protein (Lin et al., 2015; White et al., 2015) . Phylogenetic analysis of the putative o-phthalyl-CoA decarboxylase revealed that PhtDa (PA01_00217) was affiliated with UbiD-like decarboxylases (Bhuiya et al., 2015) that are known to decarboxylate, for example 3-polyprenyl-4-hydroxybenzoate in Escherichia coli (Baba et al., 2006) . UbiD-like decarboxylases are commonly found in bacteria (Jacewicz et al., 2013) and are involved in ubiquinone biosynthesis (Zhang and Javor, 2000) . The protein designated as PhtDb (00218) is affiliated to flavinprenyltransferases of the UbiX-like protein family (Supporting Information Fig. S3B ). It is possible that PhtDb might play a similar role in the decarboxylation of o-phthalyl-CoA.
Enzyme assays with synthesized o-phthalyl-CoA resulted in the formation of benzoyl-CoA (Supporting Information  Fig. S10 ) or conversion of the synthesized fluorinated o-phthalyl-CoA analogue fluoro-o-phthalyl-CoA to fluorobenzoyl-CoA (Supporting Information Fig. S11 ). No decarboxylase activity was observed with isophthalyl-CoA and terephthalyl-CoA or with extracts of benzoate-grown cells, indicating that the putative o-phthalyl-CoA decarboxylase (00217_PhtDa) is rather selective for its substrate.
The newly identified o-phthalate-induced gene cluster comprised also a gene with the locus tag PA01_00214 (So0458) encoding a protein homologous to a subunit of TRAP transporters (TRAP: transporter-tripartite ATP-independent periplasmic) that are specialised in the transport of dicarboxylic acids, for example, malate or succinate (Forward et al., 1997) . Thus, the TRAP transporter subunit that was highly induced in o-phthalate-grown cells is most likely involved in the transport of o-phthalate. This conclusion is further backed by the observation that this protein was not induced in benzoate-grown cells (Figs 1 and 2 ; Table 1 ). Finally, the o-phthalate gene cluster contains a gene with the locus tag 00214_IcIR that is highly similar to the proteins of the IclR family. Members of this family include transcriptional regulators, which act as both activators and repressors (Molina-Henares et al., 2006) . Therefore, this protein might be involved in the regulation of genes of the ophthalate gene cluster. Future experiments are needed to address mechanistic details of the enzymes involved in ophthalate degradation by Azoarcus sp. strain PA01.
Experimental procedures
Bacterial strain and growth conditions Azoarcus sp. strain PA01 (KCTC 15483) was isolated from the wastewater treatment plant in Constance, Germany. It is a mesophilic, nonmotile, Gram-negative, short rod-shaped bacterium that grows optimally at 308C and pH 7.3 6 0.2 (Junghare et al., 2015) . Cells were cultured anaerobically without shaking in 50 or 100 ml infusion bottles in nonreduced, bicarbonate-buffered mineral medium under a N 2 /CO 2 (80:20) atmosphere. Benzoate or o-phthalate was added anoxically from sterile anoxic stock solutions to final concentration of 2 mM as growth substrate plus nitrate (10-12 mM) as terminal electron acceptor. Cultures were inoculated from pre-cultures adapted over >20 generations on the respective substrates (o-phthalate or benzoate) in 100 ml serum bottles containing 75 ml of culture medium.
Bacterial growth analysis
Cell growth was monitored by measuring the optical density at 600 nm wavelength (OD 600 ) in a spectrophotometer (Uvikon 860, Z€ urich, Switzerland). At different time intervals, samples were removed for growth measurement and substrate utilization analysis. Samples were centrifuged (8000 3 g for 10 min) and the supernatant was applied to HPLC analysis for quantification of benzoate, o-phthalate, nitrate and nitrite (data not shown). Fifty microliter of sample supernatant was injected into an HPLC (LC prominence Shimadzu, Japan) equipped with a Grom TM Sil 120 ODS-5 ST, column (4 mm 3 150 mm, 5 mm) using an UV detector (SPD-M20A prominence) at 230 nm for signal detection. Eluent A (acetonitrile) and eluent B (20 mM H 3 PO 4 ) were used at a flow rate of 0.8 ml/min at 308C. A gradient of eluent B was applied for 30 min: 5 min isocratic of 92%; 3 min gradient to 89%; 10 min gradient to 80%; 5 min isocratic of 80%; 2 min gradient to 95%; 3 min gradient to 92%; 2 min isocratic 92%.
Preparation of cell-free extracts
Cultivation of bacterial cell mass for proteomics or enzyme activity measurements was performed in 1 l infusion bottles inoculated with adapted precultures grown with benzoate or ophthalate. Parallel cultures were grown on 2 mM of benzoate or o-phthalate and harvested in identical physiological states. All steps for preparation of cell-free extracts were performed under anoxic conditions. Cells of Azoarcus sp. strain PA01 were harvested in the late exponential growth phase (OD 600 5 0.2-0.3) by centrifugation (7000 3 g for 20 min at 4 C, Dupont Sorvall). Cell pellets from 1 l growth medium were washed with about 300 ml of anoxic Tris-HCl buffer (0.1 M pH 7.6) and re-suspended in 4-5 ml of the same buffer by adding 0.5 mg of DNase and RNase (Sigma-Aldrich). Prior to cell disruption, approximately 2 mg of protease inhibitor (Complete Mini tablets, Roche Diagnostics, Germany) was added. Cells were broken anoxically by two to three passages through a cooled MiniCell French pressure cell (SLM Aminco, Cat. No. FA003) operated at 137 MPa. Cell debris was removed by centrifugation at 27 000 3 g for 30 min at 48C to obtain the crude extract. The soluble protein fraction was obtained by high speed centrifugation (60 000 3 g for 60 min) of the crude extract and insoluble membrane proteins were pelleted. The supernatant containing the soluble cytosolic proteins was filtered through a Sephadex NAP-25 column (GE Healthcare, Germany) for proteomic analysis. For enzyme assays, 3-4 ml of cell-free extract was processed further using vivaspin centrifugal concentrators (GE Healthcare Life Sciences) with a 10 000 molecular weight cut-off (MWCO) filter to remove smaller molecules. The cytosolic soluble protein fraction was washed at least 3 times with 3-4 ml of Tris-HCl buffer (0.1 M, pH 7.6). The protein concentration was determined with the Bradford assay using bovine serum albumin as standard (Bradford, 1976) .
Differential proteome analysis
Two-dimensional (2D) gel electrophoresis (isoelectric focusing (IEF) and SDS-PAGE) of cytosolic soluble proteins was carried out with cells grown with o-phthalate or benzoate. IEF was performed using 17 cm long immobilized pH gradient (IPG) strips (BioRad ReadyStrip TM ) of pH gradient range 5-8 (results of pH range of 3-10 and 5.7-6.7 strips are not shown). Approximately 1 mg of total protein from the soluble fraction was precipitated by the addition of at least 5 volumes of ice-cold acetone and incubated overnight at 2208C. The protein precipitate was collected by centrifugation (13 000 g 3 10 min, 48C), the protein pellet was air-dried at room temperature and solubilized in 600 ll of rehydration buffer (8 M urea, 2 M thiourea and 0.2% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate). Prior to use, 60 mM of dithiothreitol (DTT) and 0.2% ampholyte (Sigma-Aldrich) were added to rehydration buffer. The IPG strips (pH 5-8) were rehydrated using 300 ml of rehydration buffer (protein load 500 mg) overnight in a rehydration tray covered with mineral oil. IEF was performed using a maximal current of 50 mA per strip at 208C. It was started for 1 h at a maximal voltage of 500 V (desalting), followed by a voltage ramp (rapid) to a maximal voltage of 10 000 V within 3 h and additional focusing at 10 000 V until a total of 40 000 Volt-hours (Vh) were reached (Schmidt et al., 2013) . The second dimension, that is, SDS-PAGE was performed using the BioRad Protean II system (17 3 20 cm). After focusing, the strips were equilibrated in SDSequilibration buffers I (6 M urea; 0.375 M Tris-HCl, pH 8.8; SDS 2%; glycerol 20%, and DTT 2% w/v) and II (6 M urea, 0.375 M Tris-HCl pH 8.8, SDS 2% glycerol 20%, and iodoacetamide 2.5% w/v) for 10 min, respectively. Strips were rinsed with 1 x Tris-glycine-SDS buffer (0.025 M Tris-HCl, pH 8.6; 0.192 M glycine and 0.1% SDS). IPG Strips were mounted onto 12% acrylamide gel and kept firm using an overlay of agarose (0.5% w/v) solution. Electrophoresis was performed at 40 mA for 15-16 h under cooling conditions (8-108C). Onedimensional (1D) SDS-PAGE was performed for analysis of membrane proteins (see above). The membranes were washed with Tris-HCl (50 mM pH 7.6) and solubilised in 0.5 ml of Tris-HCl (20 mM pH 8.0) containing 0.5% dodecyl b-D-maltoside, and incubated on ice for 2 h. The suspension was centrifuged at 60 000 3 g for 30 min to remove remaining insoluble debris. The supernatant was mixed with 2 volumes of SDS-gel loading buffer containing 5% b-mercaptoethanol and incubated at 100 C for 5 min. Approximately 50 mg of protein (20 ml) per sample was loaded onto the SDS-gel (8 3 6 cm 3 1.0 mm BioRad Protean Mini cell, 12% resolving and 4% stacking gel). Electrophoresis was performed for about 2 h at 120 V. 1D and 2D gels were stained with a colloidal solution of Coomassie Brilliant Blue R-250 (Neuhoff et al., 1988) and analyzed for specific protein spots. All protein gel electrophoresis experiments were repeated at least three times.
Protein identification by MS
Coomassie-stained gels were scanned (HP Scanjet G4050) and the gel images were printed on transparency film (InkJet). Specifically induced protein spots of o-phthalate-grown and benzoate-grown cells were identified by manual overlapping of the printed gel images. Protein spots of interest were excised and submitted for MS analysis to the Proteomics Center of the University of Konstanz. Protein spots were destained, reduced with DTT, alkylated with iodoacetamide and digested with trypsin. Trypsinized peptides were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a Bruker Esquire 30001 with an Agilent 1100 HPLC or a Bruker amaZon Speed ETD with a Bruker Advance nano-HPLC. Total proteome analysis of the cells grown with ophthalate or benzoate was performed using a LTQ Orbitrap Discovery with an Eksigent 2D-nano HPLC (Thermo Fisher Scientific). Short peptide sequences obtained by MS (peptide spectral data) were matched using the Mascot search engine [v2.2.2 from Matrix Science] (Perkins et al., 1999) with the locally established protein database of the IMG annotated genome of Azoarcus sp. strain PA01 (Junghare et al., 2015) for the identification of protein spots. Search results were validated on the basis of top hits and scores obtained in the Mascot search engine. MS identification of protein spots and Mascot search were performed at least twice from independent protein spots analysis.
Identification of gene clusters and phylogenetic analysis
To identify the o-phthalate gene cluster, we analyzed the genome of Azoarcus sp. strain PA01 and selected protein sequences were BLASTp-searched using the NCBI (https:// www.ncbi.nlm.nih.gov/) or UniProt (http://www.uniprot.org/ blast/) online search tool. The relative positions of the genes within the genome and putative transcription direction of the genes were determined using online tools provided by the IMG, JGI (http://genome.jgi.doe.gov/, Markowitz et al., 2009) . Phylogenetic analysis of predicted amino acid sequences of the o-phthalate induced genes with the IMG gene loci PA01_00215 to PA01_00218 were obtained from the Azoarcus sp. strain PA01 genome were aligned using ClustalW from the MEGA 7 software (Kumar et al., 2016) with closely related and characterized CoA-transferases or decarboxylases from other bacteria, repectively. Protein sequences for the alignments were obtained from GenBank and UniProtKB/SwissProt or from the IMG database. Phylogenetic analysis was performed using the neighbor-joining algorithm (Saitou and Nei, 1987) , and Poisson correction method (Zuckerkandl and Pauling, 1965) . The phylogenetic tree was constructed using MEGA 7 (Kumar et al., 2016) . Bootstrap values were calculated as a percentage of 1000 replicates (Felsenstein, 1985) .
Determination of enzyme activities in cell-free extracts
Cell-free extracts (2-3 g wet weight grown either with ophthalate or benzoate) were prepared anoxically as described. Enzyme activities were measured anoxically (unless mentioned otherwise) in 5 ml serum vials closed with butyl rubber septa. Vials were flushed with nitrogen and all additions and samples were taken with gas-tight Unimetrix microliter syringes (Macherey-Nagel, D€ uren, Germany). All enzyme assays were run at least in triplicates at 28-308C. The effect of oxygen exposure on the enzyme activities was studied by incubating the enzyme assays exposed to air. For analysis of the enzyme products, 70 ll of the samples was withdrawn at different time points 0 min (before the start of the reaction), 3, 5, 10 or 20 min and the reaction was stopped by addition of an equal volume of methanol and centrifuged (13 000 3 g for 5 min). The supernatant was transferred into 200 ll glass vial inserts and analyzed for the respective enzyme product formation by LC-MS/MS.
Synthesis of o-phthalyl-CoAs
Phthalic anhydride (3 mg, 20 mmol; Sigma-Aldrich) was dissolved in 100 ml of acetone and mixed with 200 ml of NaOH (0.3 N) containing coenzyme A trilithium salt (10 mg, 13 mmol) for 3 min. Acetone was removed by a gentle stream of nitrogen and the formation of o-phthalyl-CoA was analyzed by LC-MS/MS (Supporting Information Fig. S4 ). Isophthalyl-CoA and fluoro-o-phthalyl-CoA were generated using 16 mmol of each phthalate dissolved in 100 ml of dry tetrahydrofuran in a dried 4 ml glass vial fitted with a stirring bar under nitrogen. To this solution, ethyl chloroformate (2 ml, 21 mmol) and trimethylamine (2 ml, 15 mmol) were added. The reaction mixture was stirred for 1 min and coenzyme A trilithium salt (10 mg, 13 mmol) dissolved in 200 ml of NaOH (0.3N) was added and mixed for 3 min. Tetrahydrofuran was removed by blowing it off in a gentle nitrogen stream. Terephthalyl-CoA was synthesized analogously, but terephthalate (16 mmol) was dissolved in dimethylformate (DMF, 500ml) and activated with ethyl chloroformate (2 ml, 21 mmol) and trimethylamine (2 ml, 15 mmol) to the anhydride that was reacted with free CoA in 500 ml of NaOH (0.3N). DMF was removed by freeze drying the sample. The formation of phthalyl-CoAs was checked by LC-MS/MS (Supporting Information Fig. S5 ). Phthalyl-CoAs were obtained in about 70-90% yield as determined by the peak area ratio of free-CoA/CoA-ester, and were used directly for the enzyme assays.
LC-MS/MS analysis of coenzyme a esters
LC-MS/MS analysis of coenzyme A esters (CoAs) was performed with an Agilent 1100 HPLC system fitted with a Phenomenex Synergi polar-RP (250 3 2 mm, 4 mm) column. The mobile phase consisted of solvent A, 30 mM ammonium acetate buffer (pH 7.4), and solvent B, acetonitrile with 0.1% acetate. The CoAs were separated by programmed elution: 2 min isocratic 2% B, in 20 min gradient elution to 100% B at a flow rate of 0.25 ml/min. The assay samples of 30-90 ll was injected. For detection of the respective CoAs, the HPLC was connected to a Finnigan LCQ ion trap mass spectrometer fitted with an electrospray ion (ESI) source and operated in the MS/MS mode to specifically detect CoA esters (Park et al., 2007) . In addition, reference compounds were measured for all CoA esters studied except for fluoro-benzoyl-CoA.
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Fig. S1 . Anaerobic growth of Azoarcus sp. strain PA01 with 2 mM o-phthalate or 2 mM benzoate plus nitrate (12 mM) as electron acceptor. Fig. S2 . SDS-PAGE analysis of solubilized membrane proteins treated with dodecyl b-maltoside. Lane 1,-prestained protein ladder; lane 2, benzoate-grown and lane 3, o-phthalate-grown cells. The table shows the LC-MS/MS identification of the respective protein spots and their predicted functions are shown. Fig. S3 . A. Phylogenetic neighbor-joining tree of the putative succinyl-CoA:o-phthalate CoA-transferase of the Azoarcus sp. strain PA01 and representative protein sequences from members of the CoA-transferase families I, II and III from the bacteria. The evolutionary distances were computed using the Poisson correction method (Zuckerkandl and Pauling, 1965) and tree generated using MEGA7 software (Kumar et al., 2016) . The numbers at the corresponding nodes show bootstrap support (1000 replicates) (Felsenstein, 1985) and accession numbers are given in parenthesis. The bar represents 20% estimated sequence divergence. Fig. S3 . B. Phylogenetic neighbor-joining tree of the putative o-phthalyl-CoA decarboxylase from Azoarcus sp. strain PA01 and putative amino acid sequences from related bacterial UbiD-or UbiX-like decarboxylases. The evolutionary distances were computed using the Poisson correction method (Zuckerkandl and Pauling, 1965) and tree generated using MEGA7 software (Kumar et al., 2016) . The numbers at the corresponding nodes show bootstrap support (1000 replicates) (Felsenstein, 1985) and accession numbers are given in parenthesis. The bar represents 20% estimated sequence divergence. Fig. S4 . Comparison of the genes from the phthalate gene cluster from the genome of Azoarcus sp. strain PA01 and distribution of genes with similar functions in the genomes of the other nitrate-reducing bacteria 'A. aromaticum EbN1', Azoarcus toluclasticus ATCC 700605 and Thauera chlorobenzoica. The neighborhoods of the genes from the genome with the same top COG hit (Clusters of Orthologous Groups of protein) are compared. Genes having significant similar IMG predicted function are shown in the same colour (top COG hit). Grey, 4-hydroxy-3-polyprenylbenzoate decarboxylase (UbiX-like decarboxylase/flavin binding protein); red, 4-hydroxy-3-polyprenylbenzoate decarboxylase (UbiD-like decarboxylase); green, benzylsuccinate CoA-transferase (CoA-transferase family III); purple, TRAP-type uncharacterized transport system periplasmic component; blue, TRAP-type uncharacterized transport system, fused permease components and black, hypothetical protein respectively.
Fig. S5. ESI MS/MS of the [M1H]
1 m/z 868 of succinylCoA (Sigma-Aldrich). 
